In 1883, in Fresenius' Zeitschrift fur analytische Chemie, there appeared a paper by Johan Kjeldahl of the Carlsberg Laboratory in Copenhagen entitled "A new method for the determination of nitrogen in organic substances."35 This contribution has had an effect upon analytical chemistry in general and especially upon the application of analytical chemistry to agricultural and physiological chemistry that marks it as one of the truly great achievements of science. Only 8 years later, in 1891, Kebler34 prefaced a paper in which he gave a detailed bibliography of the Kjeldahl method, with the statement, "In the history of analytical chemistry, no method has been so universally adopted, in so short a time, as the 'Kjeldahl method' for the estimation of nitrogen." Kebler's bibliography contains no less than sixty titles distributed through many journals. Most of these had also been discussed by Fresenius in the Zeitschrift, often to a length of several pages.
To understand the enthusiasm with which the new method was greeted, it is necessary to recall the situation that the investigator of the period faced. It was recognlized that judgments upon the nutritive value of foods for animals and of fertilizers for plants, and upon problems in the metabolism of both animals and plants, as well as the chemical identification of pure nitrogenous compounds all rested upon the analytical determination of nitrogen. For this purpose two fundamental methods were available, the combustion methods of Dumas and of Will and Varrentrapp. Both of these methods had been extensively modified and were almost continually under study in various laboratories (see, e.g., Kreusler40), but both required the services of trained and expert chemists and, although highly accurate, they were slow and extremely inconvenient. The advent of a new principle and of a new technique applicable alike to pure sulbstances, to crude mixtures, and albove all to solutions, and which, in addition, was rapid and simple, was literally a release from bondage. For a number of years the different methods were rigidly compared one with another, but the triumph of the new method was a foregone conclusion as so,on as its accuracy had been established beyond doubit.
The Kjeldahl method, as it is practiced today, differs in many respects from that originally described and it is a matter of considerable interest to follow the lines of thought and of investigation that culminated in the modern technique. There have been many modifications and improvements, and the names of some of the originators of these changes are still occasionally, and with more or less justice, attached to the procedure. However, the names of other contributors are frequently overlooked and have in some cases been entirely forgotten. It seems worth while, therefore, to review the chief events of whalt was in all truth a momentous decade in the history of analytical chemistry.
Kjeldahl's original procedure was founded upon the observation that organic substances in general become completely soluble when heated for a sufficiently long period with concentrated sulfuric acid. If the pale brown to yellow solution obtained is then treated, while still hot, with an excess of potassium permanganate, all of the nitrogen of the organic substance is converted into ammonia which, after making the solution alkaline, can be determined by distillation and titration. The original suggestion that led to the fundamental experiments was derived from Wanklyn's well-known method for the determination of "albuminoid ammonia" in drinking water. This consisted olf the distillation of a sample of the water to which an excess of alkali and of permanganate had been added. The ammonia in successive portions of the distillate was determined with Nessler's reagent, and the total quantity was corrected for the so-called "free" ammonia found by distillation wilth alkali in the absence of permanganate. The albuminoid ammonia was supposed to furnish a measure of the nitrogen present in the form of albuminoids, or proteins as we should call them today.* Kjeldahl tested this method upon plant tissues and found that the conversion of the nitrogen into ammonia was incomplete. Accordingly he tried oxidation in dilute acid solution and found that the production of ammonia, although increased, was, nevertheless, still incomplete. If, however, the substance were first heated with concentrated sulfuric acid, the subsequent oxidation led to complete conversion of the nitrogen into ammonia. The development of the details of a procedure for the convenient analytical determination of nitrogen followed at once. Kjeldahl employed small (approximately 100 ml.) special long-necked flasks for the treatment with acid. He stated that the time of digestion was much shortened if a small quantity of fuming sulfuric acid were added and, if phosphorus pentoxide was likewise included in the mixture, the digestion was shortened to about 2 hours at which tim-e a clear brown solution was obtained. Even so long a period as this was not essential in the analysis of certain materials, since oxidation of solutions that were still nearly black gave satisfactory results.
After oxidation with powdered permanganate, the green solution was cooled, diluted with water, transferred to a distillation flask, and made alkaline by the addition of sodium hydroxide solution of sp. gr. 1.3. The addition of a little granulated zinc prevented bumping during the distillation which was carried out in an apparatus consisting of an upward sloping vapor tube and a vertical spiral glass condenser. The absorption apparatus was a small flask containing standard acid, elaborate absorption bullbs being found unnecessary. The ammonia could be determined by direct titration of the excess of acid, or, as Kjeldahl himself preferred, inasmuch as the titration could be carried out by artificial light, by an iodometric method. The high precision of the titration with starch as indicator enabled him to work with small samples of material, or to aliquot the distillate before titration.
Kjeldahl emphasized the necessity of carrying out blank determinations because of possible impurities in the available reagents, especially the sulfuric acid; sugar was digested in these blank determinations.
The data that were presented in supp'ort of the method are still impressive. Low results were obtained only with alkaloids, such as morphine and quinine. A comparison of a group of proteins and protein-containing materials, analyzed both by the new and by the Will and Varrentrapp methods, showed complete agreement.
However, such substances as cyano-derivatives and nitro-compounds could not be determined with accuracy, nor could inorganic nitrates. Nitrates, indeed, provided a puzzling case since a part of the nitrogen was converted into ammonia instead of being volatilized during the digestion as was anticipated, and no method was found whereby nitrate could be expelled from a mixture that contained organic material without some reduction to ammonia taking place.
The greatest advantage of the new method was the speed with which results could be obtained. Kjeldahl stated that he was able without assistance to carry out as many as 14 determinations in a day and, if more units of apparatus were provided, saw no reason why 20 could not easily be done. This was a remarkable achievement since four determinations in a day were the normal output when the Will-Varrentrapp method was used.
Kjeldahl presented this method in a lecture before a meeting of the local chemical society in Copenhagen on March 7, 1883 , and also puiblished it in French and in Danish in the Comptes rendus of the Carlsberg Laboratory.86 However, it was the publication in German in Fresenius' Zeitschrift that reached the scientific world and led to a series of investigations, both in Europe and in America, that has few if any parallels in the history of analytical chemistry.
These studies can be roughly classified into those that deal with modifications in the reagents and technique, those that deal with the range of applicability of the method in one or another of the modified forms, and those that deal either directly or incidentally with the development of apparatus for the convenient performance of the operations. Most of the earlier papers oompare the results by the new method with data obtained by the Will-Varrentrapp method as evidence of their reliability.
Modifications of the Kjeldahl method Kjeldahl himself preferred to work with rather small samples of material, and prescrilbed the use of only 10 ml. of sulfuric acid for the digestion. Furthermore, he was not specific as to the relative proportions of fuming sulfuric acid or of phosphorus pentoxide that he used. In 1884, within a year of the appearance of Kjeldahl's paper, Heffter, Hollrung, and Morgen,28 in a paper that deals chiefly with the comparison of the Kjeldahl method with the WillVarrentrapp method, specified a mixture of 1 volume of fuming sulfuric acid with 4 volumes of ordinary acid, and they added 2 gm. of phosphorus pentoxide to each determination; approximately I gm. samples were digested with 20 ml. of the acid reagent. The heating period was ordinarily 2 hours when the digest had become pale yellow, but some materials such as blood, for example, required 4 to 5 hours. Their alkali was stronger than Kjeldahl's being made up to 500 Be. (sp. gr. 1.5, or 50 per cent in concentration). The apparatus that was developed is to be described later. This contribution is important not only because it demonstrated the accuracy of the method for a wide range of organic sulbstances, as well as agricultural products, but also because it served as a point of departure for later changes in details. Mercuric oxide was clearly superior to the others but had the disadvantage of forming, with the ammonia, a complex salt that was not decomposed during the distillation with alkali. Further study of the action of copper oxide, which did not have this disadvantage, showed that only that part of the copper that was in solution had any effect and that the digestion time could be considerably shortened if an increase in the proportion of phosph,orus pentoxide were made, since the reagent then dissolved more of the metal* oxide.
The color of the solution obtained with copper or iro-n as catalysts made it difficult to perceive the desired colorless end-point of the digestion. Wilfarth therefore returned, in the second paper78 (submitted six weeks later) to the study of mercury as catalyst. He found that if the mercury was precipitated, by add'ing potassium sulfide solution (4 per cent) in liberal excess to the diluted alkaline solution before distillation, no difficulty was encountered in recovering the ammonia quantitatively. He further noted that, when either metallic mercury or its oxide were used, the addition of phosphorus pentoxide to the sulfuric acid was unnecessary, although a little longer digestion time was then required. For most analyses, he employed a mixture of 2 parts of fuming acid to 3 of ordinary acid and added 0.7 gm. of mercuric oxide. Lastly, he dbserved that, if the digestion were prolonged until the acid mixture was completely colorless, oxidation with permanganate was unnecessary.t
Wilfarth looked upon the action of the metal as catalytic, that is to say, it behaved as an oxygen carrier, and he pointed out the analogy to the effect of oxides of nitrogen in the chamlber process for the manufacture of sulfuric acid.
The advantages of Wilfarth's procedure were promptly confirmed iby Reitmair and Stutzer.48 The digestions were made with 20 ml. of sulfuric acid, 0.7 gm. of mercuric oxide and, when fat-containing material was analyzed, a small piece of pure paraffin was added. The addition of phosphorus pentoxide was found to be unnecessary, and the use of fuming acid was avoided because of the nitrogen this reagent usually contained. These investigators thus simplified the digestion mixture essentially to that in use today.
They state that the procedure gave excellent results with animal and * The boiling point was also raised, which would contribute to the effect, but Wilfarth did not mention this.
tWilfarth held that distillation of the alkaline solution that contained mercuric sulfide in suspension could be successfully carried out in the absence of zinc. When possible, he avoided the use of zinc because of the danger of the reduction of the traces of nitrate that were often present, as a contaminant, in the sodium hydroxide at that time available,10 but he regarded its use as optional. vegetable products and, for a number of years thereafter, the use of mercury 'or copper was referred to in the literature as the KjeldahlWilfarth method or, occasionally, as the Kjeldahl method with metal catalyst.
In 1886, the first moderately successful attempt to solve the difficult problem of the determination of nitrogen in nit-rates was made 'by von Asb6th. There had been previous attempts as, for example, that of Warrington,76 who followed up an incidental statement of Kjeldahl to the effect that nitrate present in a sample might be volatilized if the material were treated. with ferrous sulfate and hydrochlornc acid; the residue was then dried and digested in the usual way. This method was said to give "fair" results. Stebbins56 in this country had also obtained moderately good results with various aromatic nitro compounds if sugar were added to the sample (another suggestion of Kjeldahl) which was then digested according to Heffter, Hollrung, and Morgen. He did not report on the behavior of nitrates themselves, however.
von Asb6th7 studied the application of the Kjeldahl-Wilfarth procedure using copper sulfate rather than copper oxide as catalyst and found that, if benzoic acid were added to the sample of nitrate or nitrate-containing material before digestion, successful recoveries could be secured. He supposed that the nitric acid reacted with the benzoic acid to form a nitro compound which was more readily decomposed under the conditions of the analysis. He alkali solution; this prevented the precipitation of copper or manganese in the alkaline solution and permitted distillation without the necessity of adding zinc. His results were summarized by the statement that many substances such as "albumin" could be successfully analyzed by the Wilfarth procedure but omitting the use of permanganalte; more resistant substances such as morphine require oxidation. Substances that contain nitrogen combined with oxygen, and cyano-derivatives can be digested with the help of sugar and the copper catalyst, while nitrates require the addition of benzoic acid as well as the catalyst.
Later in the year 1886, Jodlbauer3' made two improvements upon the procedure of von Asb6th for the determinaltion of nitrates, one of which was criftical. He substituted phenol for benzoic acid, on the grounds that it is more readily nitrated, and introduced an operation designecl to reduce the nitro-phenol to the corresponding amine before subj'ecting it to digestion. This was accomplished by the addition of powdered zinc to the mixture of the sample of nitrate, sulfuric acid, and phenol. The however, raised another problem inasmuch as they claimed that quantitative results could not be obtained unless the sample of nitrate-containing material were dissolved in water and subsequently evaporated on the walls of the flask previous to the addition of the reagents. Only in this way, they claimed, could one be assured of complete reaction of the nitric acid with the phenol and of the subsequent reduction of the nitro compound.
During these years, the Association of Official Agricultural Chemists had become increasingly interested in the development of the Kjeldahl method, and, at a meeting in 1887, a paper was read by Scovell52 in which he discussed the methods for the determination of nitrates by the Jodlbauer and by the Stutzer and Reitmair modifications of the method. He had obtained moderately good results with the former, but felt that the necessity for the tedious evaporation advocated iby Stutzer and Reitmair should be overcome. Possibly as a compromise beween the reagents employed by the two European investigators, he suggested the use of salicylic acid which was dissolved in the sulfuric acid. At all events, with the aid of this reagent, he obtained accurate results without the necessity for dissolving the sample in water and evaporating the solution on the walls of the flask. In his original paper, he advocated the use of 30 ml. of sulfuric acid containing 2 gm. of salicylic acid to which 3 gm. of zinc dust were gradually added together with 2 drops of a solution of chloroplatinic acid. The flask was then carefully heated until fumes were no longer given off when 0.7 gm. of mercuric oxide were added and the digestion was completed in the usual way. The use of the platinum catalyst was apparently conventional, being derived from the work of Ulsch and of Jodlbauer; it was advocated in the description of the official method for 1887-88,68 but was omitted without comment from the description of the procedure given by Scovell53 the follio-wing year. The Scovell modification of the Kjeldahl method for nitrates is still in general use without essential change. There have been slight modifications in the quantities of reagents but, otherwise, his solution of this difficult analytical problem has maintained its place to the present day.
This does not mean that other procedures were not advocated and subjected to detailed study. Foerster,2" for example, in 1889 used 30 ml. of a 6 per cent solution of phenol in sulfuric acid and added 1 to 2 gm. of sodium thiosulfate together with 0.5 gm. of metallic mercury. The mixture was allowed to react in the cold and was then digested and distilled in the usual way. Foerster's procedure, with the substitution of salicylic acid for phenol, was advocated as an alternative in the "official methods" of the Association of Official Agricultural Chemists in 1890,69 and, with slight modifications in the quantities of reagents, is still used. Another reagent tried by Scovell and Peter54 as a substitute for zinc dust for the reduction was zinc sulfide. This became an alternative procedure in 1890 and 1891, but was dropped in 189271 since samples of zinc sulfide sufficiently low in nitrogen could not be obtained commercially. This reagent, like Foerster's, had the advantage that the entire quantity could be added at once, whereas zinc powder must be added gradually if loss is to be avoided.
The discussion of the modifications of the Kjeldahl method that were introduced to deal with nitrates has involved a slight digression from a strictly chronological discussion of the sequence of events. In 1886, Arnold3 4 published a paper in which he described the use of sulfuric acid that contained 20 per cent of phosphorus pentoxide, together with 0.5 gm. of anhydrous copper sulfate and 1.0 gm. of mercuric oxide as catalyst. With this mixture, he claimed that a dear blue-green solution could be obtained within about 30 minutes with 1 gm. samples of most organic substances that otherwise would require several hours to reach a red-brown stage of digestion. He further stated that the use of permanganate was unnecessary, as had Wilfarth before him, although the precipitation of the mercury with sulfide previous to distillation was essential. This is the so-called Arnold modification of the Kjeldahl method; its essential feature is the use of both copper and mercury as catalysts. This modification in later years assumed great importance. It is therefore necessary to point out that the control experiments carried out by Arn.old to support his statement that both metals are necessary are entirely unconvincing, and the results are at variance with the observations of Wilfarth as well as of those of all subsequent workers who have studied the problem.
The year 1887 was not noteworthy for advances in the technique of the Kjeldahl method save in the matter of apparatus which is to be discussed below. Most of the studies that appeared were of the nature of tests of the various modifications, for example, those of Stutzer and Reitmair62 and of Farrington"9 who examined the Jodlbauer method (phenol and zinc dust) for nitrates, and that of Dafert15 whose investigations of the range of applicability of the method were the most thorough that had been made.
However, a new and important modification of the Kjeldahl method was published early in 1889 by Gunning,26 who had become impressed with what he held to be the lack of understanding of the nature of the digestion process shown by the advocates of many of the proposed improvements. Inasmuch as the process is an oxidation which must be carried to completion, conditions must be established under which the strength of the acid is maintained. Under the usual conditions, according to his view, the water formed serves to dilute the acid which is thus diminished in effectiveness. He suggested that this condition could be remedied by the addition of potassium sulfate, since this salt combines with sulfuric acid to form an acid salt that, when heated, loses water more easily than it does acid (i.e., sulfur trioxide) and is known to act as an oxidizing reagent, at high temperature, in a manner similar to sulfuric acid heated under pressure above its boiling point. In the presence of organic matter, the water is driven off without loss of acid and, instead of becoming weaker, the acid Ibecomes stronger and the boiling point rises. "These factors," he says, "together with the fluidity of the mixture contribute to the decomposition and oxidation in continuously increasing degree." Gunning employed a mixture of I part of potassium sulfate with 2 parts of sulfuric acid which could be kept molten at warm temperature; of this 20 to 30 mnl. were employed for samples up to 1 gm. The digestion was carred out in 300 ml. round bottom flasks covered with a funnel and watch glass. As soon as the prelimninary frothing period had passed, the temperature was raised to provide for continuous refluxing of the acid. A colorless fluid was obtained in from one-half to two hours with most materials. No catalyst was required, nor was oxidation with permanganate necessary. He warned that the apparatus for distillation was very important, especially the condenser tube for which no thoroughly satisfactory glass was obtainable, and he, like Kjeldahl himself, preferred an iodometric titration. His data for uric acid, morphine, aniline, and ammonium salts as well as for milk, beer, and bread, which showed that fluids and moist solids could be directly analyzed without being dried, were thoroughly satisfactory.
Gunning's modification provided the last of the important changes that were made in the technique of the Kjeldahl method in the early period of its development. Subsequent investigation was for a considerable time merely a matter of studying the range of applicability of this or that modification, and one of the most important of the papers of this type was that of Arnold and Wedemeyer6 in 1892. This paper is still frequently quoted since it is the source of what Arnold himself referred to as the Gunning-Arnold method.* The opening paragraph is written under the sub-title "The action of various oxidizing reagents" and begins, "It is known that Kjeldahl subjected the organic substance, after digestion with sulfuric acid, to oxidation with potassium permanganate; later, Wilfarth found that the destruction of the organic suibstance was accelerated in the presence of mercuric oxide and Arnold showed that in the mutual presence of two metal oxides, namely mercury and copper, the oxidation is even more quickly brought to an end; finally Gunning has demonstrated that the addition of potassium sulfate has an advantageous accelerating action. It is now of interest to demonstrate with which of the suggested oxidation reagents the destruction of the organic material and the liberation of the ammonia can be most speedily accomplished." The following Arnold drew the conclusion that the Gunning and the Arnold methods are equally rapid but that the combination of the two shortens the time to one-half or one-third of that otherwise necessary. He further mentioned the facts that, if zinc dust is substituted for * The designation Kjeldahl-Gunning-Arnold method, which is widely applied to the procedure in which potassium sulfate and either mercury or copper is used as a catalyst, is a misnomer. Properly speaking, this should be called the Kjeldahl- zinc granules during the alkaline distillation, the use of potassium sulfide for the precipitation of the mercury is superfluous and that the bumping of the solution is equally well controlled.*
The most interesting point concerning Arnold's. table is, however, the obvious experiment that was omitted, namely, a trial of the effect of mercuric oxide and of copper sulfate singly with potassium sulfate. Such a procedure would l!ogically have had to be designated the Wilfarth-Gunning or the Kjeldahl-Wilfarth-Gunning method, and if tried by Arnold, he said nothing of the results. His language throughout this and his previous papers implies a firm belief in the synergistic action of the two metal catalysts.
The data presented iby Arnold and Wedemeyer in support of the efficacy of their modification of the Kjeldahl method are most impressive. A wide variety of organic substances was analyzed, including such difficult compounds as quinoline and several alkaloids. The only failures recorded were with antipyrine, azoxybenzene, diazoamidobenzene, and a few dyes.
There is one additional modificat'ion of the Kjeldahl method, introduced by W. F. Keating Stock58'
" in 1892, that should be mentioned although little use of it appears to have been made. The sample of organic substance was mixed in a small flask or beaker with 10 ml. of sulfuric acid and 5 gm. of finely. granulated manganese dioxide, and heated on an iron plate. As soon as the mixture assumed a deep green color, which occurs within a few minutes, it is cooled, diluted, and transferred to the distillation apparatus which is described and illustrated below. The author claimed that reasonably accurate results could be obtained in less than an hour. No catalysts were added nor was zinc necessary if a copper flask was used for the distillation. The method was sharply criticized at the meeting at which the original paper was presented and, shortly there- B6ttcher,11 in a paper published early in 1892, had also, and apparently independently of Argutinsky, reached the same conclusion. The reduction of the mercuric ion to metallic mercury is a slow one and is ordinarily incomplete if granulated zinc is used. However, every experienced worker has occasionally seen the black precipitate of mercuric sulfide disappear during the distillation.
after, Stock gave additional data on pure substances tio illustrate its accuracy. His method does not appear to have met with favor (see Stock60 for furtiher data and discussion).
The range of applicability of the Kjeldahl method Kjeldahl's original paper provided data on triethyl amine, asparagine, uric acid, urea, aniline, indigotin, hippuric acid, morphine, quinine, caffeine, casein, egg-albumin, conglutin, and amygdalin together with several grains and extracts, dried yeast, ox muscle, and Witte peptone. For these substances and materials, results were obtained that, save with morphine and quinine, agreed closely with theory or with parallel analyses by the Will-Varrentrapp method. He stated that he had failed to obtain satisfactory results with cyanocompounds, nitro-compounds, and certain alkaloids, such as strychnine. Potassium nitrate, even when mixed with 3 to 4 times as much sugar, gave only 60 to 80 per cent of its nitrogen as ammonia. Kjeldahl also stated that he had failed to obtain satisfactory results with mixtures of nitrates and organic material when he attempited to expel the nitrate by treatment of a hydrochloric acid solution with ferrous chloride before subjecting the mixture to digestion; some reduction of the nitrate to ammonia invariably occurred. He therefore modestly stated that the chief advantages of his method were the saving in time and the simplicity of the technique; it was not universally applicable.
The original communication thus defined the field of usefulness of the method in its unmodified form with remarkable accuracy, and set forth the problems that required soluti,on before wider applications could be made. The major problem, at least to the agricultural chemist, was clearly the matter of including nitrate nitrogen within its scope, and the details of the solution of this problem by Joidlbauer and by Scovell have already been discussed.
Physiological chemists were at once intrigued by the possibilities of the new met(hod, and Petri and Lehmann46 applied it successfully to the determination of nitrogen in urine in 1884, and Arnold5 in the following year to both urine and feces. Another prompt application (the paper was submitted in December 1884) came from the laboratory of Schulze who was always on the alert for new and useful techniques. He had his assistant Bosshard"0 apply the method to a series of preparations of amino acids that were being isolated in the course of a study of the composition of certain seed proteins.8 With the exception of Kjeldahl's own analysis of asparagine, these were the first Kjeldahl analyses of amino aciids to be made.
The value oif the method for the analysis of protein-containing materials was demonstrated by Kreusler40 in 1885 in a long paper in which the Dumas and the Will-Varrentrapp methods, as well as that of Kjeldahl, were thioroughly examined in this connection. Kreusler preferred to dispense with fuming sulfuric acid in the digestion mixture since the fuming acid available invariably contained nitrogen. During the same year, Stebbins56 in this country attempted to carry out analyses of aromatic nitro derivatives by following Kjeldahl's suggestion of digesting the sample in the presence of sugar. He had indifferent success, however, and concluded that the method was applicable only to such substances "as are easily decomposed giving off their nitrogen in the shape of ammonium sulfate."
Perhaps the most ambitious of the early studies of the range of applicability of the method were those of Dafert14 working at the Poppelsdorf experiment station under Kreusler. In his first paper in 1885, Dafert used the 20 per cent phosphorus pentoxide-sulfuric acid mixture of Kreusler, and reported upon ithe analysis of a series of aromatic nitro derivatives, aromatic amines, carbazole, pyridine, diazoamidobenzene, phenylhydrazine, nitriles, and cyanuric acid. Many of these compounds gave 100 per cent of their nitrogen as ammonia, ibut others yielded only 90 per cent, a few only 50 per cent, and phenylhydrazine yielded only 20 per cent. He concluded that special experiments must be made in any new case tot determine Whether the substance can be analyzed, but held that, with a sufficiently long period of digestion, most substances could be satisfactorily decomposed. However, he pointed out that it was clear that the Kjeldahl method could not entirely replace the Dumas method for some compounds. This conclusion is still valid.
These investigations were greatly extended by Dafert15 in 1887 in a paper in which not only were the early results reviewed in full detail but attention was given to the then recent modifications of Wilfarth, von Asbo6th, and of Jodlbauer. He plotted curves for several substances to show the effect of digestion time with and without oxidation with permanganate, demonstrated that the low results with phenylhydrazine were due to loss of nitrogen in elementary form during the sulfuric acid digestion, and considerably broadened the range of information available concerning nitro-compounds, nitroso-compounds, and such alkaloids as quinine by carrying out parallel analyses with different catalysts or with different treatments of the material (addition of sugar, or phenol, with and without reduction with zinc powder, and with variation in the time of digestion). He was much concerned by the possibility of loss of nitrogen, especially under the influence of platinum as catalyst, or by a too vigorous oxidation with permanganate.
As a result of these studies, he suggested that organic substances could be divided into two classes, those that required no preliminary treatment and those which must be prepared for the analysis. The first class of substances, such as the amines, amides, pyridine, quinoline, alkaloids, proteins, e-tc., in certain cases require a long digestion period, the addition of mercury, and the application of oxidation with permanganate. Substances of the second class, nitro-, nitroso-, azo-, diazo-, hydrazo-, and azoamido-compounds, nitrates and nitrites, hydrazines and cyano-compounds, probably with some exceptions, can be analyzed if suitably prepared, as for example, by reduction with zinc powder or by the addition of a carefully selected organic compound (e.g., sugar or phenol); even phenylhydrazine was analyzed with moderate success after being treated with sugar and sodium acetate in aqueous solution and dried down on the water bath.* He concluded his paper with the statement, "Although my investigations have not demonstrated that the Kjeldahl method can replace the Dumas method in all cases, they have shown that the new method has a greatly broadened sphere of usefulness in which it can give good service. It is one of the most interesting procedures in analytical chemistry. Whatever the complications of the reactions upon which it is founded, they lead to a single end; whether reduction or oxidation occurs, whether nitrogenous compounds are destroyed or formed, the final result is the production of ammonia. That Kjeldahl recognized this circumstance is an occasion for unreserved astonishment."
The many papers from the agricultural chemists of this penod, both in Europe and in America, scarcely require detailed review here. Such investigators as Stutzer, Kreusler, and Foerster in Germany, Claes in Belgium, and Jenkins, Winton, Armsby, Farrington, Scovell, and many other members of the Association of Official Agricultural Chemists in this country made rigid comparisons with the Will-Varrentrapp method and of various modifications of the Kieldahl procedure as applied to pure substances and agricultural products. Comparative analyses from many laboratories of standard samples of feeds, fertilizers, etc., were obtained, and recommendations as to the best procedure were made at each annual meeting of the Association as a result of these studies. These are to be found described in the successive Bulletins of the Division of Chemistry of the U. S. D. A. as "official" methods. By 189270 most of the difficulties had been resolved and procedures had 'been developed that have been used ever since with only moderate changes.
The development of apparatus for the Kjeldahl method The apparatus employed by Kjeldahl for his original investigations has already been briefly mentioned; the digestions were carried out in small (approximately 100 ml.) long-necked flasks in which, incidentally, the sample was weighed. The acd was added from a pipette mounted in the ruibber stopper of a flask of acid and, when not in use, the upper end was protected from ammonia in the air with a short length of rubber tubing and glass rod as stopper. The flasks were heated on metal gauze over a small flame. The material of the flasks was important and the most resistant glass obtainable was used. Kjeldahl noted that the troublesome grinding of the sample, so essential with the Will-Varrentrapp method, was not at all necessary. After the digestion was complete, the powdered permanganate was added from a wide glass tube with a short length of narrower tubing sealed to it; a small piece of fine metal gauze was placed in the shoulder to support the reagent. 'When this tube was held in the neck of the flask and tapped, the permanganate sifted into the hot acid in the desired manner.
After the flask had cooled, the contenits were diluted with water and washed into a 750 ml. distillation flask which could be connected by a rubber stopper to a tuibe which sloped upwards and was designed to return droplets which splashed up during the distillation; this tulbe was in turn attached to a vertical spiral condenser. The standard acid was measured into a 250 ml. Erlenmeyer flask equipped with a two-hole stopper. The condenser tube passed through one of the holes and extended to about the middle of the flask, it having been found unnecessary to dip the tube into the absorbing acid; the other hole carried a short length of glass tubing bent at right angles and open to the air. A few granules of zinc were added and 40 ml. of alkali of sp. gr. 1.3 were run in immediately before connection to the distillation apparatus; no loss of ammonia was detected when this technique was employed. Distillation was continued until bumping began at which time tests showed that all of the ammonia had long since been washed into the receive,r.
For the estimation of the ammonia, several methods were employed. Gravimetric determinations as the chloroplatinate showed that no detectable proportion of amines was ever present and gave figures that corresponded exactly with the results of acidimetric titration. This titration was convenient since the solution was always clear and colorless unlike that often obtained by the combustion method of Will-Varrentrapp. Kjeldahl preferred, however, to add a few crystals of potassium iodide, a solution of starch, and a few milliliters of a 4 per cent solution of potassium iodate; the titration was then carried out with 0.05 N hypo,sulfite previously standardized against the 0.05 N sulfuric acid solution used. If 7/200 N hyposulfite were used, multiplication of the titration value by a factor became unnecessary. A blank with sugar as the sample was run with every group of analyses.
It is clear that difficulties were at once encountered by those who attempted to repeat Kjeldahl's experiments. The first warning came from Kreusler's laboratory in the form of a study of the suitability of various available kinds of glass38 for use as condenser tubes. Analyses of pure ammonium sulfate invariably led to high results unless the tubes were made of hard Bohemian glass. This observation was the outcome of a study of the blank correction that must be applied to allow for the presence of ammonia in the sulfuric acid and of ni'trate in the alkali. Even with the use of a vapor trap, contradictory results were occasionally obtained and these were at last found to arise from the alkaliility of the glass of the condenser tube. When Bohemian glass was used the previously found blank correction practically disappeared.
Kreusler and Henzold did not describe their apparatus in detail in this paper but, the following year (1885), Kreusler40 gave a figure of the vapor trap already mentioned (Fig. 1 ). This could be satisfactorily made of soft glass, although Bohemian glass was essential for the condenser tube. In another paper, the same year, Kreusler39 described what he called a "gas oven" for the digestion operation (Fig. 2) (18) January 14, 1 884, less than a year after the original publication of the method, a paper was submitted to the Zeitschrift fur physiologische Chemie by Petri and Lehmann46 which described the apparatus shown in Fig. 3 . This was designed to overcome the difficulty from the bumping of the alkaline solution by employing distillation with steam, a fundamental idea that has its presentday embodiment in the well-known Parnas-Wagner apparatus. The mode of operation of this apparatus is obvious from the figure. The absence of a bulb trap will be noted, and the authors point out that the vapor tube should slope upwards "in order that any alkaline droplets that sipurt against its opening may be washed back." They also mention that this~2 K.
tube The necessity for the use of vapor traps attracted attention from the first. The Ansatz emiployed originally by Kjeldahl was not clearly described save that it consisted of a length of tubing which sloped upwards before being bent around and connected to the condenser. This tube was long enough to retain droplets. Kreusler 's cylindrical bulb has already been illustrated in Fig. 1 , and the simpler bulb used by Morgen and his associates in Fig. 5 . Bosshard"0 stated that even when a bulb filled with glass beads was used, sodium could be detected by flame test in the issuing steam if too much zinc were employed, and he therefore recommended that the excess of alkali should be as small as possible and that a minimum quantity of zinc should be added. He felt that the generation of too much hydrogen during the distillation led to the formation of minute droplets that carried alkali into the condenser.
Pfeiffer and Lehmann47 also emphasized the error that might arise from the use of too much zinc, but held that this could be entirely avoided by the use of a "safety-tube" as is illustrated in _ Fig. 8 . This consisted of a short wide tube sealed to a tube of smaller diameter with a square shoulder. Upon this shoulder a platinum cone was placed which, in turn, supported a short column of glass beads. Data were given to show the significant effect of this device in preventing entrainment of alkali and to prove that ammonia could be quantitatively recovered when it was used.
Two however, apparently had difficulty with the Pfeiffer and Lehmann safety-tube, which had a tendency to flood, and stated that entrainment could not be prevented even if the column of beads were made considerably higher. Accordingly, they, in effect, inverted the arrangement by suspending the column of beads in an inner tube surrounded by a glass mantle, the beads being retained upon a circle of nickel gauze (Fig. 9 ). Under these circumstances, the condensate on the beads drained back into the flask and, when the column was 8 cm. high, they could dbtain ! completely iblank distillations from alkali and zinc.
One of the best sets of equipment devised during this e early period was that of Arnold,4 who described it in 1886 (Fig. 10) . He Still another attempt to solve the problem of the vapor trap was putblished in 1889 by Stein and Schwarz.57 Their entire distillation apparatus is shown in Fig. 12 . The pear-shaped attachment trapped the entrained droplets while the vapors escaped through the holes filed or blown in the sides of the bent exit tube carried on the stopper in the upper end. Their absorption apparatus is of some interest, since they also employed Kjeldahl's original idea of having the lowetr end of the condenser tube protrude only part way into the flask. A cylindrical side bulb on the Erlenmeyer flask was filled with beads and provided against the possibility of escape of ammonia. The beads were moistened with the standard acid at the start of the distillation. They claimed that the impossibility of regurgitation was a great advantage in the use of this apparatus and that the titration of the distillate was facilitated, inasmuch as a little acid remained on the beads; accordingly the titration could rapidly be made on the bulk of the distillate and finished after the acid in the bead tube was washed back.
The trap of Stein and Schwarz was found by Niebling43 to be too complicated and easily broken, and if, as the figure would indicate, their apparatus was constructed with thick walls, he was doubtless correct. In a curiously impatient statement, he claimed that all that was necessary was a simple bulb tube and, -also, that the complex absorption apparatus was superfluous.
What is quite the best of the early forms of apparatus developed in Europe for the The digestion rack was semicircular in plan and was designed to be placed against a wall beneath a hood which was ventilated by a flue, in the open end of which a gas burner was set. This arrangement is shown in cross section in Fig. 13 . The flasks were supported on an iron sheet pierced with holes, of which 17 Fig. 14 and in section in Fig. 15 , and, as will be shown, also served as the source of the ideas for the ap'paratus that was developed in America for the Kjeldahl method.
Claes' trap bulb is unfortunately shown in the original in too small a size for convenient reproduction. It consisted of a small cylindrical bulb not unlike that of Kj eldahl (Fig. I 1 ) , but the tube sealed inside was bent through 180o% It was cut off short and a hole was provided at the bottom in the side of this tube to permit drainage back into the flask of liquid that collected in the trap. Thus it was not a washing trap like Kj eldahl's 'but was merely a means to prevent droplets impinging upon the outlet tulbe. In principle, therefore, it resembled the trap of Reitmair and Stutzer (Fig. 7) although slightly less simple and convenient, and, since it was inverted as compared with theirs and depended upon a small hole for drainage, would probably permit of only slow distillation. Claes' apparatus as a whole shows a greater grasp of the special problems involved in the (Fig. 16) . Its most novel feature was a copper flask employed in order to eliminate the possilbility of breakage. This was claimed to facilitate the distillation greatly and also to eliminate the necessity of using zinc. The washing trap, heated by a saparate burner, is a clumsy modification of Kjeldahl's washing trap and, the following year, Stock60 changed the position of the 150 ml. distillation flask so that its side arm pointed vertically Soo downwards and was connected directly to the condenser. With this change, a supplementary burner became unnecessary. The copper distillation flasks were a standard laboratory item usually used for the generation of ioxygen. Such flasks were often employed for Kjeldahl determinations in many laboratories both in this country and abroad during the last decade of the century, but were discarded when a good quality of glass became available.
The development of apparatus for the Kjeldahl method in America followed a course widely different from that in Europe. The procedure was immediately subjected to study by the agricultural chemists in many laboratories and, because of the newly organized Association of Official Agricultural Chemists which held annual meetings, a complete pooling of information was promoted. New chemical methods of all kinds were carefully tested and the details of proposed modifications were examined, frequent use being made of official samples sent to many laboratories for cooperative study. The data obtained were then correlated and decisions regarding the best modifications were reached. All of this is in marked contrast to the highly competitive spirit and the insistence upon personal credit characteristic of the period in Germany. Publication of papers that dealt with the Kjeldahl method began remarkably soon. The earliest that has been noted is by Stebbins56 in 1885, the results of which have already been mentioned.
The first American publicaltion of importance in connection with the Kjeldahl method was Bulletin 12 of the Division of Chemistry of the U. S. Department of Agriculture.67 This contains the minutes of the third annual meeting of the Association of Official Agricultural Chemists held August 2 6-27, 1 886,* together with the paper by * Bulletin 7 of the Division of Chemistry,66 which gives the minutes of the meeting of Sept. 1-2, 1885, mentions the Kjeldahl method only incidentally. A committee on nitrogen, consisting of Drs. P. E. Chazel, E. H. Jenkins, and H. W. Wiley, was appointed and Dr. Wiley gave a brief account of Dafert's first paper,14 of the work of Pfeiffer and Lehmann on a vapor trap, and of the work of Wilfarth on the use of metal catalysts. Arrangements were then made to distribute samples for cooperative study including some known pure substances, and it was suggested that "the analysts . . . first try their apparatus, reagents and chemicals on these known samples before beginning with the unknown." It is evident that most of the trial analyses were to be conducted by the Will-Varrentrapp method as modified by Ruffle, the method in common use at that time, but the data which were published the following year showed that the Kjeldahl method was also tested by several of the collaborators.
Spencer already mentioned. In addition, the Bulletin gives the first "official" description of the Kjeldahl method; it was essentially the Kjeldahl-Wilfarth procedure using mercuric oxide as catalyst.
The description of the apparatus shows that much attention had been given to the special problems involved. The digestion flasks were round-bottom pear-shaped flasks of 225 to 250 ml. capacity with a long tapering neck. The distillation flasks were of 550 ml. capacity and the use of a bulb tube was 'prescribed to prevent entrainment of alkali. The condenser is described in detail (p. 54). After stating that several forms have been employed, the text continues: "The essential thing is that the tube which carries the steam to be condensed shall be of block tin. All kinds of glass are decomposed by steam and ammonia vapor, and will give up alkali enough to impair accuracy. The condenser in use in the laboratory of the Connecticut Experiment Station, devised by Professor [Samuel W.] Johnson, consists of a copper tank supported by a wooden frame so, that its boittom is 11 inches above the work bench on which it stands. This tank is 16 inches high, 32 inches long, and 3 inches wide from front to back, widening above to 6 inches. It is provided with a watersupply tuabe which goes to the bottom and a larger overflow pipe above.
The block tin condensing tubes, whose external diameter is Y8 of an inch, 7 in number, enter the tank through holes in the front side of it near the top, above the level of the overflow, and pass down perpendicularly through the tank and out through rubber stoppers tightly fitted into holes in the bottom. They project about 1 Y2 inches below the bottom of the tank, and are connected by short rubber tubes with glass bulb tubes of the usual shape, which dip into glass precipitating beakers." The text goes on'to describe the shelf of sheet-iron in front of the tank with holes for the 7 flasks. Each hole was provided with 3 lugs in the plane of the sheet to support the wire gauze and 3 lugs turned upwards to prevent lateral motion of the flask. Beneath the shelf was the manifold with burners with enlargements at the top of the burner tube covered with fine gauze to prevent the flame from striking back.
The digestion stand is also described in detail: it consisted of "a pan of sheet-iron 29 inches long 'by 8 inches wide, on the front Qf which is fastened a shelf of sheet-iron as long as the pan, 5 language of the description is quite different from that used 1by Johnson in the Report of the Director of the Connecticut Agricultural Experiment Station for 188932 and republished in the Journal for Analytical Chemistry in 18903 in which somewhat improved and more elaiborate equipment was described and figured (Fig. 18) . Acoordingly, it is not entirely clear, since the "official methods" are anonymous, how this description came to ibe written or who was its author. Nevertheless, the attrilbution to Johnson is specific and the apparatus must have been constructed some months at least before the August meeting in 1886.
It remains, therefore, to inquire into the source of the ideas that led to a design, less than three years after the ,<4-;:. 4 "wheeled to one side when not in use." The sample was washed in through the funnel together with the reagents. After distillation was complete, the residue was withdrawn through the bent tube by means of a water-pump so that it was never necessary to distut;b the connections. During distillation, this tube was closed by a ruibber tube and pinch-cock. The annular space around the funnel tube in the still-head was filled with glass beads to "arrest particles of alkali." The rubber stopper of the Erlenmeyer flask carried, in addition to the inlet tutbe and the vapor tube, the small mercury valve, shown at the side of the diagram, which was designed to prevent regurgitation during the distillation.
What is, historically, the most important feature of the Armsby and Short apparatus is not shown in the illustration. This was the condenser which consisted of a iblock tin tube with a tinned metal jacket; six of these were mounted side by side on a wooden frame and the water was circulated through them successively.
Because of the pooling of ideas that resulted from the activities of the A.O.A.C. in this country, it is difficult to establish whether Armsby and Short or Johnson* originated the idea of using a block tin condenser tube. The essential fact is, however, that this is the complete solution of the problem of alkalinity arising from the glass and it marks a great advance over the current practice in Europe. Regardless of this point, Johnson's apparatus shows a grasp of the many problems that was unique for the period. The essential features were: (1) the disposition of the flasks on both digestion stand and distillation rack in a single straight line, thus making indefinite enlargement of the equipment possible and providing for easy access during the operations, (2) a thin metal tank for the condenser water with vertically arranged block tin condenser tubes, (3) a simple and ro-bust bulb trap, (4) wide bore tubes to be used as adapters to convey the distillate to the absorption flasks and also serve to prevent regurgitation, (5) convenient devices for dispensing the reagents, (6) disposal of the apparatus with attention to the convenience of the operator and to the space occupied.
The first point would seem today to be a more or less obvious one, but the details that have been given 'of the apparatus developed in Germany show that this is by no means the case. Although it is clearly the source of Johnson's design, Kreusler's elaborate and massive "oven" held the flasks in two rows alternately pointing forward and backward and must have been extremely unpleasant to operate, especially when fuming sulfuric acid was used. Even Claes' vastly superior digestion device retained the idea of alternation of * Although considerable correspondence passed, during this period, between Armsby at Wisconsin and Johnson or Jenkins at the Connecticut Station, the only letter that mentions apparatus for nitrogen determinations refers to the procurement of hard glass combustion tubes for the Will-Varrentrapp method. Thus, no evidence for mutual exchange of ideas could be found. It is important to note, however, that the use of block tin tubes for the condensing coils used in the preparation of distilled water was more or less conventional at this time. Such apparatus is described in the Eimer and Amend catalogue for 1880. The use of block tin tubing for condensing water in Davenport's waterbath apparatusl' is a further illustration.
position of the flasks although all pointed in the same direction. Its semicircular shape placed a definite limitation upon the practical size and accordingly upon the number of flasks that could be accommodated.
The idea for the thin metal tank for the condensing water was undouibtedly derived by Johnson from the 1883 paper by Landmann41 which is to be found only 12 pages beyond the end of Kjeldahl's original paper. Landmann's apparatus is shown in Figs. 14 and 15 and was designed for determinations of alcohol; as is shown in the sectional view, it employed rather wide bore condenser tubes of glass. Johnson adapted this device to the special problem of nitrogen distillations by substituting block tin tubes that were bent up and around in a "gooseneck" so as to fulfill the original requirements of Kjeldahl. Although Johnson is silient regarding the origin of this idea,* his description in the 1889 Director's Report mentions that the enlargement of the tank towards the top was made so as to accommodate ice if the apparatus was used in summer for the determination of alcohol. The use of ice was never found to be necessary for nitrogen determinations.
Johnson states in his description of the equipment that the trap bulb was designed by Osborne. If, as seems likely, the apparatus was assem;bled early in 1886, this was therefore one of Osborne's earliest contributions, since he was first employed at the Station in May of that year. However, it was clearly derived from the bulb employed by Heffter, Hollrung, and Morgen.
The wide bore bulb tubes illustrated by Johnson and employed as adapters to convey the distillate into the standard acid were merely a standard piece of apparatus often used as a drying tube after being charged with calcium chloride. With the exception of Heffter, Hollrung, and Morgen and of Arnold, most investigators appear to have followed Kjeldahl Johnson , we need only remark that it is merely a combination of single parts that depend upon well-known principles and is similar to that described by Heffter, Hollrung, and Morgen or by Paul Claes." Clearly, no good thing could be expected to come from America! This grudging statement is the more interesting since Fresenius23 had previously reported at considerable length upon -the cumbersome apparatus of Armsby and Short. Although he did not reproduce the figure, he described the device in sufficient detail so that one could easily assemble it; the significant point, however, is that, in spite of the frequent references in European papers to the necessity of using Before leaving the discussion of the block tin condenser tube, it is necessary to mention again the apparatus described by Kjeldahl himself in 188837 and reported by Wilhelm Fresenius in 1890. This, as is shown in Fig. 1 1, employed a tin condenser tube with a metal jacket as had already been suggested by Armsby and Short.* Fresenius reproduced the figure given 'by Kjeldahl and points out that the author avoids the difficulties from the alkalinity derived from the glass by constructing only that part of the apparatus in which the vapors are rising of this material, the condenser tube being made of tin. In a footnote, he points out the analogy with an apparatus devised by Schlosing, and described in his father's text-book,22 in which a platinum tube was used for the same reason.t
The use of a small flask for the digestion and the practice of transferring to a larger flask, usually of the flat bottom conical type, * Kjeldahl's paper37 gives no reference to the paper of Armsby and Short2 nor to Bulletin 12.67 Accordingly, it would appear that he had independently arrived at the same solution of the problem.
t Examination of the text of R. Fresenius' statement regarding this apparatus shows that it is not specifically attributed to Schl6sing. the apparatus was used for the determination of ammonia in soil by distillation with magnesia and it consisted of a retort placed with its beak sloping upwards connected to a spiral glass tube which acted as a distilling column. The upper end of the spiral was joined to a vertically placed platinum condensing tube surrounded by a glass water jacket. The distillate was received in a small glass flask. The purpose of the spiral refluxing tube was to secure the ammonia in as concentrated a solution as possible so that the difficulties of titrating with litmus as indicator in the presence of impurities in the distillate would be diminished. Anyone who has attempted such titrations will at once recognize the advantage. The apparatus was in fact devised by Bous-for the distillation appear to have been almost universal throughout the early years of the development of the Kjeldahl method. Occasionally, however, some bold spirit departed from custom and used a sufficiently large flask for the digestion so that distillation could be made without transfer. What appears to have been the earliest specific suggestion that this was feasible was made in 1889 by Drown and Martin,'8 who were concerned with the analysis of drinking water. Since a 500 ml. sample was necessary, this was placed in a 900 ml. round bottom flask and distilled in the presence of alkali to a small volume for the determination of the "free ammonia.)) To the residue, 10 ml. of sulfuric acid were added, the remaining water was evaporated and the digestion was carried out, followed by oxidation with permanganate as recommended in Kjeldahl's original paper. The mixture was then diluted and the ammonia was distilled from the same flask. It is clear that, in this special case, the use of a large flask for the digestion was necessitated by the nature of the problem. However, in the same year, Voorhees' reported at the meeting of the A.O.A.C. that he had, during the year, adopted the practice of digesting and distilling in the same flasks, these being especially made 500 ml. round lbottom flasks of rather heavy glass. He had ascertained by suitable tests that no error was thereby introduced.* Voorhees returned to the matter in 1892 in a paper75 on the Gunning modification of the Kjeldahl method and the Scovell modification of the Jodlbauer method. He employed round bottom flasks of 500 to 600 ml. capacity which were provided with slightly longer necks than was customary; these were therefore not unlike the present-day macro Kjeldahl flask. Digestion and distillation singault, a man whose great personal wealth enabled him to afford such luxuries as platinum tubes. Schlosing's contribution was merely to prepare an acid extract of the soil and distill this with magnesia. The details of Boussingault's procedure and of Schlosing's modification are given by Baumann.9 Schl6sing's50 own apparatus was entirely different; the ammonia was displaced from the soil, or extract, by treatment with 33 per cent sodium hydroxide, and was absorbed in standard acid in a small dish placed oii a tripod over the sample, the whole being covered by a bell j ar sealed with mercury and allowed to stand for one or two days. were carried out in the same flask and, probably because of his careful tests, the use of such flasks was included in the description of the "official method" for the first time.
The following year, Winton79 also published a study of a combination of the Gunning with the Scovell methods for nitrates and likewise made use of a 600 ml. flask both for the digestion and the distillation. This, indeed, had been the common practice at the Connecticut Station for some time.
In spite of these suggestions, the use of separate flasks for the two operations long remained fairly general. In fact, a copper flask was advocated for the distillation by Patrick" in 1 891, as well as by Stock58 59 in England in 1892, as a means of avoiding the frequent losses through breakage of the glass distilling flasks (see also Sweetser63). The language even of the present-day "official method" recognizes that one may occasionally have to digest in one type of flask and transfer to another for the distillation, an illustration of the gnrp that tradition sometimes holds upon the description of chemical procedures.
Johnson's original apparatus, as descrilbed in the Director's Report for 1889, soon underwent modifications and improvements partly introduced 'by himself, partly by his assistants, especially Winton. Winton80 has recently described these developments as follows:
In the fall of 1884, the late Professor E. H. Farrington, Director of the Wisconsin Dairy School, and myself were the only chemists working in the kaboratory. During the year before, which was the first after moving the Station to Prospect Hill, there had been three besides Farrington, one being Whitney, late chief of the U. S. Bureau of Soils. Professor Johnson set Farrington to work on the original Kjeldahl method in 1885 or very soon after. He had poor success with the method, and no wonder, for phosphoric anhydride was a fiendish chemical, even though the laboratory was generously supplied with ventilation flues. It was not until the Wilfarth modification appeared that success was attained.
After the method was mastered, Professor Johnson turned his attention to the multiple digestion and distillation apparatus. Christian Herpich, a clever tinsmith, made the sheet metal parts and Professor Johnson mounted them in his shop at his home, 49 Trumibull Street, which by the way should be a national shrine to the memory of the father of the American experiment station.
Both the original multiple digestion stand-and the still, as I remember, were for seven determinations. Sheet iron was unsatisfactory for the flask supports of the digestion stand because warping often caused an overturn of the flask. To obviate this defect and have apparatus for 12 simultaneous determinations, I had the pattern maker of the Barnum Foundry, then on Whitney Avenue 'between Trumnbull and Grove Streets, make patterns for the iron castings. Those patterns may still be in existence, but if not, I have definite knowledge that for nearly twenty years thereafter they were used for apparatus that went all over the country, if not further.
As first used, a bent wire supported the flask during digestion. Incidentally, at about that time, we gave up the pear-shaped flask for the digestion and used the flat-bottom distillation flask for both digestion and distillation. It was ibefore the days of Jena glass and the breakage was frightful, being particularly heavy in the distillation, hence the tray under the burners. Neither Street nor I could tolerate round-bottom, long-neck flasks and racks for their conveyance.
Later, to furnish a better draft, Professor Johnson made a wooden contraption that fitted against the flue and it was provided with notches to hold the necks of the flasks. A separate hole for each flask carried off the fumes. This apparatus did the work, but was soon a blackened nasty ruin. In making a new one, I had the wood covered with sheet lead.
Along in the nineties,* after Boltwood and Wheeler had returned to Sheff from Heidelberg, the former had our foundryman and tinsmith construct the two pieces of apparatus for student use. The lead pipe with holes was Boltwood's idea. Certainly it was a noteworthy additi-on. Herpich did a live business in Kjeldahl apparatus with this feature.
About the time I went to Chicago in 1907, I had photographs taken of both pieces of multiple apparatus and later had woodcuts made by our woodengraver in Vienna. These cuts were used in all editions of Leach after the first and in our recent book THE ANALYSIS OF FoODS. 42' 81 In addition, Winton devised a time-saving titration apparatus. The acid burette was mounted on a bottle provided with a rubber "'atomizer" bulb attached to a short length of glass tubing in the two-hole stopper. Acid could thus be forced by air pressure up into the burette and retained by closing a stopcock. The acid was delivered through a side arm with stopcock attached below the graduated portion of the 'burette. The buret-te was of narrow bore and was graduated in ml. without subdivision, and the hydrochloric acid was of such concentration that 1 ml. was equivalent to 10 mg. of nitrogen (5/7 N). The alkali 'burette was also made of small bore tubing and held 12.5 ml. in the graduated portion. It was similarly * Boltwood returned from Germany in 1894.
mounted on a bottle. This burette was graduated into five arbitrary main divisions and sub-divisions into fiftieths. The alkali solution (ammonium hydroxide) was prepared at such a concentration that 5 units as measured on the alkali burette were exactly equivalent to 5 ml. of the 5/7 N hydrochloric acid. After the titration of a determination was completed, the reading made to 0.01 uinits was subtracted from 5 or 10, whichever quantity of acid had been taken, and the difference then gave directly the number of milligrams of nitrogen in the sample, or the percentage of nitrogen if a 1 gm. sample were used. This titration system is still widely employed. 42 The subsequent development of Kjeldahl apparatus, particularly in this country, is more or less familiar to all. As is indicated by Winton dignity to take in hand pencil and paper and subsequently saw and hammer and give physical expression to his ideas. Summnary The Kjeldahl method, from its inception in 1883, has passed through many modifications and has proibably been subjected to more detailed study than any other analytical method. Nevertheless, the main contributions to the technique, the suggestion of the use of a metal catalyst by Wilfarth in 1885 and of potassium sulfate by Gunning in 1889, remain the most important modifications that have been made. The use of an aromatic substance to fix the nitric acid of nitrates was first advocated by von Asbo'th in 1886 who employed benzoic acid, but this was promptly superseded by the use of phenol by Jodlbauer who, in addition, advocated the reduction of the nitro compound with zinc powder to the corresponding amine previous to digestion. Scovell sudbstituted salicylic acid in 1887, and likewise employed zinc powder for the reduction; Foerster employed sodium thiosulfate for the same purpose in 1 8 89.
During these first few years of investigation, the range of applicability of the Kjeldahl method was thoroughly explored by Dafert and by Arnold, who were chiefly concerned with the analysis of a wide variety of pure organic compounds, and by many agricultural chemists under the leadership of such men as Kreusler and Stutzer in Europe, and Johnson, Armsby, and Scovell in this country, who were concerned with the analysis of feeds, fertilizers, and other agricultural products. WiVthin a remarkably short time, the previously universally used Will-Varrentrapp combustion method passed entirely from the scene and the Dumas method retained its place mainly for the few types of nitrogenous substances that had been found to resist digestion with sulfuric acid under any circumstances.
The development of apparatus suitable for the Kjeldahl method followed, in Europe, a course characterized by individualism rather than by cooperation. As a result, none of the many types of equipment devised has survived in present-day use with the exception of Stutzer's trap bulb. In America, on the contrary, through the activities of the Association of Official Agricultural Chemists, cooperation and pooling of ideas was the rulie. The equipment devised in a primitive form in 1886 by S. W. Johnson and improved within a few years with the assistance of Winton, who added a number of conveniences, and by Boltwood, who evolved the lead fume pipe from a lead-covered wooden flue first built iby Johnson and Winton, soon passed into widespread use both in this country and abroad. The compact and standardized equipment of today derives directly from this source. Yet Johnson's contribution was less a matter o-f invention than one of organization; he combined the most useful suggestions of others. It was his attention to the convenience of the operator as well as to each detail that affects the accur-icy of the analytical work that have insured the universal adoption of his equipment.
